Motivated by the recent observation of superconductivity in strontium doped NdNiO2, we study the superconducting instabilities in this system from various vantage points. Starting with first principles calculations, we construct two distinct tight-binding models, a simpler single-orbital as well as a three-orbital model, both of which capture the key low energy degrees of freedom to varying degree of accuracy. We study superconductivity in both models using the random phase approximation (RPA). We then analyze the problem at stronger coupling, and study the dominant pairing instability in the associated t-J model limits. In all instances, the dominant pairing tendency is in the d x 2 −y 2 channel, analogous to the cuprate superconductors. arXiv:1909.03015v1 [cond-mat.supr-con] 
Introduction -The observation of superconductivity in the infinite layer nickelate Nd 1−x Sr x NiO 2 [1] resurrects some of the perennial questions in the field of unconventional superconductivity of the cuprates and related materials [2, 3] . As nickel substitutes for copper in this system, the low energy manifold consists primarily of the Ni-O plane. Therefore, we are invited to revisit whether copper itself is important for the superconductivity exhibited by the cuprates [4] [5] [6] [7] [8] . Furthermore, to date, magnetism has not been observed in the parent NdNiO 2 compound [9, 10] . One may therefore question the extent to which close proximity to long-range antiferrromagnetism is an essential ingredient in cuprate superconductivity.
To help address these questions, we have studied superconductivity from repulsive interactions in this system, taking both weak and strong coupling approaches. Starting with a first principles study of NdNiO 2 , and treating the effects of strontium doping as a rigid shift to the chemical potential, we have obtained tight-binding fits to the electronic structure. As Ni is isoelectronic to copper in this material, it has a d 9 configuration and the low energy physics is dominated by electrons in the Ni-d x 2 −y 2 orbital. However, in addition, there is strong hybridization with the 5d orbitals (primarily d 3z 2 −r 2 orbital) of the rare earth Nd element. As a consequence, there is a non-zero contribution to the low energy physics from the Nd d 3z 2 −r 2 and d xy orbitals, which acts to introduce some distinction between this system and the infinite layer cuprate material.
However, rather than speculating on the commonalities and differences of the infinite layer cuprate and nickelate, we have instead chosen to study superconductivity in the nickelate material as a legitimate problem in its own right, one that is independent from the cuprates. The weak-coupling approach, while likely unreliable for normal state properties, does tend to capture the most robust property of interest, namely the superconducting ground state itself and, in particular, the symmetry of the superconducting order parameter. We have found robust d x 2 −y 2 superconductivity within the weak-coupling approach. We have obtained this pairing symmetry in two distinct tight-binding fits to the first principles calculation, one which is a minimal one orbital model consisting of the Ni d x 2 −y 2 orbital, and a more realistic 3-orbital model that includes the d 3z 2 −r 2 , d xy orbitals of the Nd atom.
In reality, however, the system is likely at intermediate coupling; it therefore becomes important to analyze the problem from complementary limits. With this in mind, we also analyze the t-J model that results in the limit of strong onsite interactions, and study superconductivity in this model within a mean-field approximation. Such methods led to the conclusion of d-wave pairing in the early days of cuprate physics [11] and we arrive at a similar conclusion in the present context. We also show that with the inclusion of the Nd electron pockets, d x 2 −y 2 pairing stemming from the t-J model is only weakly affected. While these electron pockets ultimately lead to metallic, rather than Mott insulating behavior in the parent compound, their impact on superconductivity appears to be rather weak. The fact that all limits studied here result in d x 2 −y 2 pairing underlies the robustness of this conclusion.
This Letter is organized as follows. At first, we present the results of the first principles computations, where we describe both the minimal single band and 3-band tight-binding fits to the electronic structure. We then proceed to show results for the pairing symmetry both in an RPA treatment of superconductivity from repulsive interactions, as well as from the analysis of a t-J model description. We would like to emphasize that these complementary studies are both carried out in 3D, corresponding to the infinite layer limit. First-principles analysis -We performed first-principles calculations within the framework of the density functional theory as implemented in the Vienna ab initio simulation package VASP [12] [13] [14] . The generalized gradient approximation, as parametrized by the PBE-GGA functional for the exchangecorrelation potential, was used, by expanding the Kohn-Sham wave functions into plane waves up to an energy cutoff of 600 eV and sampling the Brillouin zone on an 16×16×16 regular mesh [15] . The growth of NdNiO 2 on a SrTiO 3 substrate is simulated by imposing an in-plane lattice constant a = 3.91Å and relative relaxed out-of-plane parameter c = 3.37Å [1] . The extraction of the three-orbitals minimal model used to investigate the superconducting tendencies of NdNiO 2 was based on the Wannier functions formalism [16] . Fig. 2 shows the single-particle band structure of NdNiO 2 , along with the orbital contributions relevant for the lowenergy model description. Owing to a d 9 electronic configuration in a peculiar +1 oxidation state for Ni, the crystal field imposed by the planar square coordination ( Fig. 1 ) results in a high-lying nominally half-filled d x 2 −y 2 orbital (red dots), featuring a predominantly two-dimensional character. Nonetheless, the delocalized and formally empty Nd 5d states reside fairly low in energy, leading to a sizable hybridization with Ni 3d bands, and to the appearance of electron pockets at the Γ (see panel Fig. 2(b) ) and A = (π/a, π/a, π/c) (see panel Fig. 2 (c)) points. Such pockets mainly display Nd d z 2 (yellow squares) and d xy (blue diamonds) orbital contributions, respectively, and determine a concomitant self-doping of the large hole-like Ni d x 2 −y 2 Fermi surface.
Having established the contribution of the relevant orbitals to the low-energy physics of NdNiO 2 , we consider a three-orbital tight-binding model which includes long range hopping terms. We introduce the operator
is a fermionic creation operator with σ and α denoting spin and orbital indices, respectively. The orbital index α = 1, 2, 3 represent the Nd d z 2 for 1, the Nd d xy for 2 and the Ni d x 2 −y 2 for 3. The tightbinding Hamiltonian can be written as
h(k) is given in the appendix as well as the corresponding parameters extracted from a downfolding of the first-principles band structure onto a set of localized Wannier functions. With the above parameters, the obtained band structures are given in the appendix, where a good agreement is reached between DFT and TB bands. Near the Fermi level, the DOS is dominantly attributed to the Ni d x 2 −y 2 orbital, as shown in Fig. 3 (a). Further considering the relatively weak interaction effects in the 5d orbitals of Nd, the dominant correlation effects must come from the 3d d x 2 −y 2 orbital of Ni in NdNiO 2 . These conclusions are consistent with previous [7, 8] as well as most recent [17] first principles calculations of this system.
The resulting 3D Fermi surfaces are shown in Fig. 3 (b) and (c) for two different fillings n = 1.0 and n = 0.8. For the former case, there is an almost cylindrical, non-dispersive in k z , hole-like pocket α, and two small electron-like pockets β and γ around Γ and A points, respectively. With 0.2 hole doping, the electron Fermi surfaces shrink. For the hole pocket, van Hove singularities are reached near the k z = π plane and its density of states increases considerably along with enhanced nesting, as shown by the red curve in Fig. 3(a) . So, obviously the 3D fermiology is essential. Within a weakcoupling framework of superconductivity, such enhancement of the density of states available for pairing will be responsible for a concomitant increase of the superconducting temperature. Note that this improved nesting occurs away from half filling, such that the onset of magnetism is less affected by it than the superconducting pairing tendency. The largest contribution to the density of states arises from the large nonk z -dispersive Ni d x 2 −y 2 pocket, suggesting that, to a good approximation, it will play the leading role in the superconducting transition. Weak-coupling Analysis -In order to investigate the pairing symmetry of NdNiO 2 , we first consider a weak-coupling limit of the problem. In such an approach, we may view the first principles analysis as taking into account interaction effects in determining the low energy Fermi liquid description of the problem. Then, perturbing about such a Fermi liquid fixed point using weak, short-ranged residual interactions, we can analyze the resulting susceptibility of this system. Such analyses are most clearly formulated in an asymptotically exact weak-coupling approximation [18] [19] [20] . In this limit, assuming spin rotation invariance, the bare short-ranged repulsive interactions disfavor s-wave pairing but do not affect orthogonal pairing channels, including p-wave, d-wave etc. In the weak-coupling limit, one can integrate out the high energy degrees of freedom perturbatively in the ratio of the interactions to the band width. As a result, one obtains effective attractive BCS interactions in non-s-wave channels, which in turn grow at low energies in a Fermi liquid. One may identify an emergent scale, where the dominant BCS coupling grow to be of order one, with the onset of superconductivity in such a weak-coupling limit. The associated pair wave function can also readily be obtained. Similar approaches based on random phase approximation (RPA) treatments of interactions, while less controlled, are more physically motivated, result in qualitatively similar conclusions for pairing strengths in the system, and have enjoyed significant phenomenological success in describing unconventional superconductivity [21] . For in-stance, in both the weak coupling and RPA treatments of the single band Hubbard model, the dominant pairing tendency near half-filling is in the d x 2 −y 2 channel [22, 23] . A perturbative inclusion of particle-particle and particle-hole contribution could be reached by the employment of multi-orbital funcational renormalization group [24] in order to further sophisticate the RPA treatment. For the case at hand, however, the absence of magnetic order combined with the enhanced feasibility in treating three-dimensional band structures render the RPA approach most preferable at this stage of our weak coupling analysis.
In the RPA calculations, we consider onsite Hubbard intraand inter-orbital, Hund's coupling as well as pairing hopping interactions,
where n iα = n α↑ + n α↓ , µ, ν = 1, 2, U N i is the Coulomb repulsion for the Ni site, thus acting on the third orbital in the notation of (1). U N d , U N d , J N d and J N d represent the onsite intra-and inter-orbital repulsion and the onsite Hund's coupling and pair-hopping terms for the Nb site, respectively [37] . We use the Kanamori relations U N d = U N d + 2J N d and J N d = J N d . Fig. 4 displays the bare susceptibilities for n = 1.0 and n = 0.8 filling, respectively. In both cases, similar to cuprates, the dominant peaks are located around the M and A points, indicating intrinsic antiferromagnetic fluctuations. These peaks get significantly enhanced upon including interactions at the RPA level. The prominent features in the orbital-resolved susceptibility are that the peaks around M and A are dominantly attributed to the Ni d x 2 −y 2 orbital and the contribution of Nd d xy and d z 2 reaches the maximum around Γ. Based on the analysis of susceptibility, the d x 2 −y 2 band will play the dominant role in promoting correlation phenomena, including superconductivity and magnetic ordering.
When the interaction is greater than a critical value U c , the spin susceptibility will diverge and indicate a spin density wave (SDW) instability. Below U c , superconductivity emerges triggered by spin fluctuations. We perform RPA calculations to study the possible pairing symmetries within a 40 × 40 × 20 k mesh, energy window ∆E = 0.02 eV around the Fermi level and inverse temperature β = 50 eV −1 and have checked the convergence of pairing strength with respect to k mesh and ∆E. With the above parameters, the numbers of the representative momentum points on the Fermi surface are 1038 and 1088 for n = 1.0 and n = 0.8, respectively. From the susceptibility, we can expect the dominant pairing state to be d x 2 −y 2 -wave (more details are provided in the appendix). The obtained pairing eigenvalues as a function of interaction U for n = 1.0 and n = 0.8 are displayed again in Fig. 4 . We find that d x 2 −y 2 pairing state is dominant, as expected, and that the gap functions are considerably smaller on the two small spherical Fermi surfaces, which is consistent with the fact that both the dominant density of states and pairing interactions reside on the Ni d x 2 −y 2 orbital. Pairing in the t-J model -Similar to cuprates, the nickelates represent an intermediately coupled system, and it becomes important to "triangulate" the pairing problem from various limits to see if our conclusions are indeed robust. We adopt the t-J model to investigate pairing symmetries for nickelates and consider the in-plane and out-of-plane antiferromagnetic couplings between the spin of Ni d x 2 −y 2 orbital,
where S i3 = 1 2 c † i3σ σ σσ c i3σ is the local spin operator and n i3 is the local density operator for Ni d x 2 −y 2 orbital. ij denotes the in-plane and out-of-plane nearest neighbor (NN). The in-plane coupling is J x = J y = J 1 and the out-of-plane coupling is J 2 . Here we investigate the pairing state for a variety of doping levels and neglect the no-double-occupancy constraint on this t − J model, perform a mean-field decoupling, and solve the self-consistent gap equations. The details are provided in the appendix. We find that d x 2 −y 2 pairing is always the dominant within reasonable J 1 and J 2 . Moreover, the gap functions on the spherical Fermi surfaces from Nd atoms almost vanish, in agreement with the weak-coupling results. Discussion -We have studied the infinite-layer nickelate NdNiO 2 and have found that the dominant pairing instability is in the d x 2 −y 2 channel, which places this system in close analogy with cuprate superconductors. As a consequence of the pairing symmetry, we expect nodes on the Fermi surface, the evidence for which can be found in low temperature heat capacity [25] , penetration depth [26] measurements, quasiparticle interference studies [27] , and more directly, from phasesensitive studies [28, 29] .
In the future, it will be interesting to study the role of the Nd itinerant electrons in conjunction with the local moments of the Ni sites. It is thus tempting to invoke the analogy with heavy fermion systems, and to view the physics of the infinite layer nickelate from the vantage point of the Kondo lattice. In this context, it is reasonable to presume that the effect of strontium doping involves more complex phenomena than a simple rigid shift of the Fermi level. Furthermore, even though an electronically mediated pairing mechanism may appear likely judging from the current experimental evidence, the impact of electron-phonon coupling will be vital to gaining a deeper understanding of the material. We wish to pursue such questions in future studies. Note added -After completion of our work, we learned about an independent study of electronic structure and pairing instabilities in the infinite layer nickelate (Ref. [30] ). This study makes use of a variant of the RPA method (FLEX) and finds similar conclusions for pairing. 
The corresponding tight binding parameters are specified in unit of eV as, 1 = 8.9506, 2 = 9.0277, 3 = 6.8979, (10) t x 11 = −0.3870, t xy 11 = 0, t xx 11 = 0.034, t z 11 = −0.8591, t xz 11 = 0.0107, t xyz 11 = 0.025, t zz 11 = 0.0904, 
With µ = 6.5814 eV, the occupation number is 1.0. With 0.2 hole doping, the corresponding chemical potential is µ = 6.4614 eV. The band structures from the tight-binding model with the above parameters are displayed in Fig.5 , which are in good agreement with DFT calculations.
weak-coupling limit: RPA approach
The adopted interactions are given in the main text. The bare susceptibility is define as,
where l i is the orbital indices. The bare susceptibility in momentum-frequency is,
where µ/ν is the band index, n F ( ) is the Fermi distribution function, a li µ (k) is the l i -th component of the eigenvector for band µ resulting from the diagonalization of the tight-binding Hamiltonian H T B and E µ (k) is the eigenvalue of band µ. The interacting spin susceptibility and charge susceptibility in RPA level are given by, where U s , U c are the interaction matrices are,
Here α is the sublattice index. For Nd site with α = A, the interactions parameters are: U A = U , U A = U , J A = J and J A = J . For Ni site with α = B, the only non-vanishing interaction parameter is U B = U 3 . We plot the susceptibility in the main text, which is defined as χ 0/RP A = 1 2 l1,l2 χ 0/RP A l1l1;l2l2 (q, 0). We also calculate the largest eigenvalues of the susceptibility matrix in momentum space (not shown), which is very similar to χ 0 . The effective interaction obtained in the RPA approximation is,
where the momenta k and k are restricted to different FS C i with k ∈ C i and k ∈ C j and Γ ij (k, k ) is the pairing scattering vertex in the singlet channel [31] . The pairing vertex is,
where a l v (orbital index l and band index v) is the component of the eigenvectors from the diagonalization of the tight binding Hamiltonian. The orbital vertex function Γ l1l2l3l4 for the singlet channel and triplet channel in the fluctuation exchange formulation [31] [32] [33] [34] [35] are given by, 
where v F (k) = | k E i (k)| is the Fermi velocity on a given fermi surface sheet C i and V G is the volume of the Brillouin zone.
From the stationary condition we find the following eigenvalue problem,
where the interaction Γ ij is the symmetric (antisymmetric) part of the full interaction in singlet (triplet) channel. The leading eigenfunction ∆ α (k) and eigenvalue λ α are obtained from the above equation. In the calculation, we treat those k points, whose energies lie within a small energy window ∆E around the Fermi level, as effective k points in the paring vertex function. We have checked the convergence of λ with respect to k-mesh and ∆E ( with denser 50 × 50 × 30 k mesh and ∆E = 0.01 eV).
pairing from the t-J model In the strong-coupling limit, similar to cuprate, we consider the inplane and outplane antiferromagnetic couplings between the spin of Ni d x 2 −y 2 orbital,
where S i3 = 1 2 c † i3σ σ σσ c i3σ is the local spin operator and n i3 is the local density operator for Ni d x 2 −y 2 orbital. ij denotes the inplane and outplane nearest neighbor(NN). The inplane coupling is J x = J y = J 1 and the outplane coupling is J z . By performing the Fourier transformation, H J in momentum space reads
Here we investigate the pairing state for doped system and neglect the no-double-occupance constraint on this t − J model and perform a mean-field decoupling, similar to the iron based superconductors [36] . With this, the total Hamiltonian can be written as,
where Ψ † k = (ψ † k↑ , ψ T −k↓ ), ∆ 3 (k) = ∆ s (cosk x + cosk y ) + ∆ d (cosk x + cosk y ) + ∆ z cosk z , and 
where F [E] is Fermi-Dirac distribution function, F [E] = 1/(1 + e E/k B T ). The above equations can be solved self-consistently, varying the doping and the value of J 1 , J 2 . For n = 1.0 and n = 0.8, the obtained d x 2 −y 2 gap and ground-state energy as a function of J 1 (J 1 = J 2 ) are given in Fig.6 (a) and (b). With J 1 being larger than 0.05, the d x 2 −y 2 superconducting gap and ground-state energy increases abruptly. With J 1 = J 2 = 0.1, Fig.6 (c) shows the superconducting gap a function of doping. We find that electron doping will significantly suppress superconductivity and the gap reaches the maximum with 0.1 hole doping. Further hole doping will suppress the gap size. The 3D gap function of d x 2 −y 2 -wave pairing is shown in Fig.6 (d) for n = 0.8, where the gap on the spherical Fermi surfaces almost vanish. These are consistent with the RPA calculations.
